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Abstract: This study examines the behavior of cracks approaching interfaces in all-ceramic
dental crown-like bilayers. Flat specimens are fabricated by fusing porcelain veneers onto
yttria-tetragonal-zirconia-polycrystal (Y-TZP) and alumina core ceramic plates, with veneer/
core matching to minimize residual thermal expansion mismatch stresses. Vickers indenta-
tions are placed on either side of the interfaces, at systematically decreasing distances, so that
the lead corner cracks approach and intersect the interfaces in a normal orientation. Cracks
originating in the porcelain arrest at the boundaries and, after further diminution in inden-
tation distance, deflect along the interface without penetration into the tough core ceramic.
Cracks initiating in the core ceramic pass unimpeded into the weaker porcelain without
deflection, and with abrupt increase in crack size. These latter cracks, because of their lack of
containment within the core layer, are regarded as especially dangerous. Implications con-
cerning the design of optimal dental crowns in relation to materials optimization are consid-
ered. © 2006 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 79B: 58–65, 2006

Keywords: dental crowns; fracture modes; penetrating cracks; deflecting cracks; interfaces

INTRODUCTION

The stability of cracks near interfaces in brittle layer struc-
tures is relevant to the integrity of a variety of engineering
applications.1 It is especially pertinent to the performance of
all-ceramic dental crowns in occlusal contact,2–4 where var-
ious competing fracture modes—propagating downward
from the top surface in weak veneer porcelain layers and
upward from the lower surface in strong alumina or zirconia
core support layers—have the potential to cause failure.
Figure 1 depicts a variety of cracks that have been observed,
some initiating at the veneer top surface and others from the
core bottom surface.5,6 The question arises as to what hap-
pens when such cracks approach and intersect the interface:
arrest, deflect, or penetrate? Most work in the engineering
fracture community has focused on the role of crack deflec-
tion along weak interfaces,1,7,8 in the interest of imparting
energy absorption or toughness to the structure. However,
delamination is not an option in biomechanical structures
such as dental crowns, and so great effort is generally made
to construct material systems with adequately tough veneer/
core interfaces. This transfers attention to interlayer crack

penetration. Clearly, penetration is no less undesirable than
delamination, so it is important to understand the basic ma-
terial properties that govern the resistance to this mode. In
dental practice, the often complex and multimodal failures
observed in all-ceramic dental crowns are not easily analyzed
by postmortem examination,9–14 so in situ tests on model
layer structures offer the best insight into underlying mech-
anisms.

In this paper we describe some simple fracture experi-
ments on flat bilayer structures that may be considered
indicative of the damage resistance of all-ceramic dental
crowns. For this purpose, dental porcelain veneering layers
are fused onto flat yttria-tetragonal-zirconia-polycrystal
(Y-TZP) or alumina core plates, with matched coefficient
of thermal expansion (CTE). Vickers indentations are used
to position cracks on polished cross sections, at prescribed
loads and prescribed distances from the bilayer interfaces,
in a manner described in an earlier study on other kinds of
ceramic bilayers.15 Indentation experiments of this kind
have been used to probe interface fracture properties of
bonded silicon wafers,16 ceramic fiber-composite sys-
tems,17 and dento-enamel junction interfaces in natural
teeth,18,19 among other material systems. In our specimens,
corner radial cracks initiating in the tough core ceramic are
found to pass readily into the porcelain veneer layer.
Cracks initiating in the veneer tend to arrest and deflect at
the interface. From these observations it is concluded that
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core fractures, when they do occur, represent the greater
threat to through-thickness failure of crowns.

EXPERIMENT

The bulk of the experiments were carried out using dental
porcelains as the top (veneer) ceramic layer, and stiff, tough
zirconia and alumina as the bottom (core) ceramic layer.
Material properties are listed in Table I. The core materials
were Y-TZP (Prozyr Y-TZP, Norton, East Granby, CT) and
alumina (AD995, CoorsTek, Golden, CO), provided as plates
25 � 25 � 1 mm3. Prospective joining surfaces were pol-
ished to 1 �m finish, to provide well-defined interfaces. In
accordance with dental practice, the porcelains were chosen
to provide a CTE match with the core material (differential �
0.5 � 10–6 °C–1): IPS d.SIGN (Ivoclar–Vivadent, Schaan,
Liechtenstein) on Y-TZP; and Vitadur Alpha (Vita Zahnfab-
rik, Bad Sackingen, Germany) on alumina. The porcelains
were applied in layers, with sequential firings, to a final
thickness � 1 mm. Sections were cut normal to the internal

interface and polished down to 1 �m finish. No indication of
delamination was found during fabrication of these speci-
mens.

Vickers indentations were placed in the specimen sections
at prescribed distances from the veneer/core interface, at
loads 10 N in the porcelains and alumina and 40 N in the
Y-TZP. (The larger load in the last case was to maintain
well-defined corner radial cracks at the indentation corners.)
The indentations were carefully aligned with the corner
cracks perpendicular and parallel to the interface, as in Figure
2. The indented surfaces were gold coated to improve crack
visibility. Crack lengths c1, c2, c3, and c4 from the indentation
centers were measured as a function of indentation distance h
from the interface by optical microscopy.

Figure 1. Schematic of crack geometry for cyclic contact on all-
ceramic veneer/core bilayer bonded onto compliant support base,
showing a variety of crack modes produced by contact with sphere.
Cracks originating from veneer top surface (Hertzian cone crack O,
inner cone crack I, median crack M) or bottom surface (radial crack R)
can intersect veneer/core interface and either arrest, penetrate, or
deflect.5,6

TABLE I. Parameters for Materials in This Study

Material E (GPa) T (MPa m1/2) R (J m–2)a

Y-TZP 205 7.2 240
Al2O3 370 2.5 16
Porcelain 65 0.65 6.2

a R calculated using common Poisson’s ratio � � 0.22.

Figure 2. Coordinates of Vickers crack system traversing interface,
showing cracks from indentations in (a) veneer (layer 1) and (b) core
(layer 2). Indentation center distance h from interface and half-diag-
onal a. Corner crack arms c1, c2, c3, and c4 are measured from
indentation center, x designates distance between lead crack tip and
interface.
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A few secondary experiments using various silicate glass
plates bonded to Y-TZP were also conducted, to examine the
effect of larger CTE mismatch. In this case the glass plates
were fused onto the bottom layer with glass tape (G-1001
transfer tape, Vitta Corp, Bethel, CT) at 600°C for 30 min,
and then refired at 800°C for 20 min with the top surface in
place. The final tape thickness was �50 �m. In these spec-
imens crack analyses were restricted to qualitative observa-
tions.

CRACK MEASUREMENTS

Micrographs of Vickers cracks in the porcelain-based layer
specimens are shown in the micrographs of Figures 3 and 4
for Y-TZP and alumina, respectively, for indentations located
in (a) the veneering porcelain and (b) the ceramic core layer.
In neither ceramic-core system do lead cracks originating in

the porcelain [c2 in Figure 2(a)] penetrate into the adjacent
layer, first arresting [Figure 3(a)] and subsequently deflecting
[Figure 4(a)] at the interface. (Note the appearance of an
arc-like lateral crack at the bottom of the porcelain layer in
Figure 3(a)—these cracks are commonly observed in glass
surfaces, especially near interfaces or edges, and do not
impede the radial crack.20) Conversely, lead cracks originat-
ing in the Y-TZP [Figure 3(b)] and alumina [Figure 4(b)]
layers [c1 in Figure 2(b)] penetrate abruptly and extend sub-
stantially in length into the porcelain. The laterally extending
corner cracks [c3 and c4 in Figure 2(b)] in the core ceramics
bend toward the interface, the more so in the alumina [Figure
4(b)] where the elastic mismatch is greater, as if attracted by
the compliant porcelain layer on the other side.21 No deflec-
tion at the interface was observed for any core-originated
cracks traversing the interface. All such cracks remained
relatively steady with time, growing less than 5% in length
over a week, indicating only minor influence of moisture-
assisted crack growth within the residual elastic–plastic in-
dentation stress field.22

Figure 4. Cracks from Vickers indentations in porcelain/alumina bi-
layer. Indentations in (a) porcelain, (b) alumina. Note arrest of crack
and delamination at interface in (a), penetration across interface in (b).

Figure 3. Cracks from Vickers indentations in porcelain/Y-TZP bi-
layer. Indentations in (a) porcelain, (b) Y-TZP. Note arrest of crack at
interface in (a), enhanced penetration across interface in (b).
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Measurements of crack size as a function of distance h of
the indentation center from the interface (Figure 2) are plotted
in Figure 5 for porcelain/Y-TZP and Figure 6 for porcelain/
alumina. Data at large h tend to a common asymptotic limit,
c1 � c2 � c3 � c4 � c0 (say), in accordance with the absence
of significant residual CTE stresses. The largest influence of
the elastic mismatch is felt by the lead cracks, c2 in Figures
5(a) and 6(a) and c1 in Figures 5(b) and 6(b). Note the distinct
jump in the c1 data at small h in Figure 5(b) [somewhat less
pronounced in Figure 6(b)], corresponding to cracks that have
intersected the interface (i.e. c1 � h) and penetrated into the
less tough porcelain. (These data are limited by the require-
ment that h � a in Figure 2, in order that there be a
well-defined lead crack.) Conversely, the decline in the c2

data at small h in Figures 5(a) and 6(a) signifies crack arrest
or deflection at the interface. The smallest influence of mis-
match is felt by the more remote cracks, c1 in Figures 5(a) and
6(a) and c2 in Figures 5(b) and 6(b). As expected by sym-
metry, c3 and c4 for the laterally extending arms are mutually
indistinguishable within the data scatter at all h.

ANALYSIS

Following an approach used in an earlier paper,15 we begin
by writing a stress-intensity factor for Vickers corner radial
cracks in a homogeneous material

K0 � �P/c3/2 (1)

where � � � (E/H)1/2 is an elastic–plastic coefficient,23 with
E the modulus and H the hardness of the material containing
the indentation impression and � is a material-independent
coefficient. Plots of K0 as a function of crack coordinate x
(Figure 2) are given in Figures 7 and 8 for porcelain/Y-TZP
and porcelain/alumina, respectively. Coordinate x is the dis-
tance between lead crack tip and interface, i.e. x � h – c2 for
indentations in the porcelain veneer layer [Figures 7(a) and
8(a)] and x � c1 – h for indentations in the Y-TZP or alumina
core layer [Figures 7(b) and 8(b)]. In this coordinate system,
x � 0 corresponds to intersection of the crack tip with the
interface.

Figure 6. Crack sizes c1, c2, c3 and c4, versus distance h of inden-
tation center to interface in porcelain/alumina bilayers. Indentations in
(a) porcelain and (b) alumina, orientation relative to interface indicated
by inset.

Figure 5. Crack sizes c1, c2, c3, and c4 versus distance h of inden-
tation center to interface in porcelain/Y-TZP bilayers. Indentations in
(a) porcelain and (b) Y-TZP, orientation relative to interface indicated
by inset.
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It will be noted that the K0 functions in Figures 7(b) and
8(b) include data for core cracks that have penetrated into the
adjacent veneer layer. Moreover, K0 in all of Figures 7 and 8
varies even when the crack is wholly contained in the origi-
nating material, indicating some influence of elastic mis-
match.21 Hence K0 is not a true toughness. To allow for the
influence of the bilayer properties, we write

K � �K0 (2)

where � � � (x/h, E1/E2) is a dimensionless function. Then
the condition for equilibrium crack extension is that K � T,
where T � KIC is the toughness of the material containing the
crack tip. For cracks with tips distant from the interface (i.e.
x �� 0 or �� 0), � tends to unity, establishing useful
asymptotic limits at T values (vertical dashed lines) listed in
Table I. The solid curves in Figures 7 and 8 are empirical fits
through the data, and provide a measure of � in Eq. (2).

Arguably the most interesting feature in Figures 7 and 8
are the functional discontinuities in the K0(x) functions at the

interface, associated with the abrupt changes in toughness
and modulus. Consider what happens as the indentation is
allowed to approach the interface, i.e. steadily decreasing h.
For indentations in the veneer porcelain the lead corner crack
will slow down as it approaches the interface and ultimately
arrest there. The crack will then remain stationary as h
continues to diminish, until K0 reaches a sufficiently high
level to cause either penetration or deflection. Conversely, for
indentations in the core ceramic, the leading crack will ac-
celerate as it approaches and intersects the interface, at which
point it will jump abruptly into the porcelain (pop in). Con-
tinued decrease in h will cause the extended crack to pene-
trate further into the porcelain without interruption in the
growth. Since they are not contained, cracks that initiate in
the tougher and stiffer core ceramic would appear to pose the
more immediate threat to integrity of the all-ceramic bilayer
system.

This leaves the issue of crack penetration versus deflec-
tion. This issue has been addressed by He and Hutchinson.24

Figure 9 is a plot of energy-release-rate Gi/Gb (subscript i

Figure 8. Stress-intensity factor K0 (horizontal axis) versus distance
x � c – h of lead crack tip from interface (vertical axis), for porcelain/
alumina bilayers. Indentations in (a) porcelain, (b) alumina, as indi-
cated by inset. Solid lines are empirical fits to the data, dashed
vertical lines are asymptotic toughness T bounds.

Figure 7. Stress-intensity factor K0 (horizontal axis) versus distance
x � c – h of lead crack tip from interface (vertical axis), for porcelain/
Y-TZP bilayers. Indentations in (a) porcelain, (b) Y-TZP, as indicated
by inset. Solid lines are empirical fits to the data, dashed vertical lines
are asymptotic toughness T bounds.
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referring to interface and b to bulk on far side of interface)
versus modulus mismatch parameter (E2 – E1)/(E2 � E1) for
a singly-deflecting crack. Points P/A and P/Z on the curve
indicate values of (E2 – E1)/(E2 � E1) for veneer-to-core
cracks, Z/P and A/P values for core-to-veneer cracks.
Whether it is penetration or deflection that occurs first de-
pends whether the crack resistance ratio Ri/Rb is greater or
less than the appropriate critical Gi/Gb values in Figure 9,
where Ri � Ti

2(1 – �i
2)/Ei and Rb � Tb

2(1 – �b
2)/Eb (with �

Poisson’s ratio).25 Values of Ri/Rb above the curve constitute
the domain of crack penetration into the adjacent bulk layer,
below the curve the domain of deflection along the interface.
In our systems, cracks originating in the veneer porcelain
always arrested, and later deflected, at the interface [Figures
3(a) and 4(a)]. Cracks originating in the core ceramic always
penetrated into the adjacent bulk layer. These observations, in
combination with the critical Gi/Gb values in Figure 9 and
crack resistance energies Rb for the bulk materials included in
Table I, enable us to establish upper and lower bounds to Ri

for the two systems: for the Y-TZP core bilayers, 1.6 J m�2

� Ri � 105 J m�2; for the alumina core bilayers, 2.0 J m�2

� Ri � 9.9 J m�2.

DISCUSSION

In this paper we have used Vickers indentation cracks to
probe the behavior of cracks intersecting interfaces in all-
ceramic bilayers, porcelain bonded to either Y-TZP or alu-
mina. Specifically, we have observed crack paths and mea-
sured crack lengths as a function of indentation–interface
distance. Lead cracks that initiate within the weak porcelain
veneer layers arrest at the interface, ultimately spreading as a
delamination crack as the indentation moves closer to the

adjacent layer. Conversely, lead cracks that initiate in the
tougher and stiffer core ceramic are increasingly attracted to
the relatively compliant porcelain, and upon intersection with
the interface, penetrate and extend abruptly in length into the
porcelain. The results confirm the significant influence of
elastic and toughness mismatch of the bilayer members and
highlight the susceptibility of the weak porcelain to damage
originating on both sides.

The competition between penetration and deflection
provides bounding estimates of interface energies. In our
cases, values in excess of 1 J m–2 were measured between
porcelain veneers and ceramic core layers, indicative of
moderate chemical bonding. Such levels are sufficient to
prevent the interfaces from delaminating when cracks tra-
verse from the core to the porcelain (although not vice
versa). (More explicit estimates of interface energies have
been obtained in some systems by inclining the cracks in
the core ceramic layers relative to the interface, and de-
termining the critical angle at which the mode changes
from penetration to deflection.26) Lesser bonding, e.g.
interfacial joining by epoxy adhesive, will inevitably tilt
the balance away from penetration toward delamination, a
fact exploited in the design of ultra-tough multilayers for
crack containment.8 It is apparent that knowledge of in-
terface energies relative to the bulk is a vital ingredient in
the performance of ceramic layer systems, especially in
biomechanical applications where delaminations are
hardly an option.

Another factor that warrants consideration is the role of
residual stress from thermal expansion mismatch during the
bilayer fabrication. In our experiments we have avoided this
issue, in accordance with dental practice, by choosing porce-
lains that closely match the CTE of the adjoining core ce-
ramics. However, such stresses could become an important
factor in some systems. As an illustrative example, we show
in Figure 10 a photograph of a Vickers indentation in Y-TZP
bonded to borosilicate glass at 800°C, taken a week after
indentation. In this case the CTE mismatch is � � �Y-TZP –
�glass � 5 � 10–6 °C–1, which can give rise to tensile
stresses � 150 MPa in the Y-TZP.27 Slow crack growth has
resulted in spontaneous failure of the specimen. Note how the
crack has run directly across the specimen in the tensile
Y-TZP and bent around toward a near-parallel orientation in
the compressive glass.28 The design of layer structures with
CTE mismatch stresses clearly needs to be undertaken with
due caution.

Finally, some comments on the clinical relevance of our
results are in order. Dental crowns are subjected to con-
centrated loading from occlusal contact at the veneer top
surface. The porcelain veneer layer is typically compliant
but weak, the ceramic core layer stiff and strong. On the
face of it, the current results suggest that cracks originating
from the veneer top surface are likely to be arrested, or at
worst deflected, at the interface. This suggestion is borne
out in experiments on glass/alumina/polycarbonate trilay-
ers using loading geometries of the kind depicted in Figure
1.29 Cracks originating from the core lower surface, how-

Figure 9. Plot of relative energy-release-rate Gi/Gb for crack deflec-
tion along interface relative to penetration into adjacent bulk material
across interface. Points are critical values for cracks from porcelain to
alumina (P/A), porcelain to Y-TZP (P/Z), Y-TZP to porcelain (Z/P), and
alumina to porcelain (A/P).
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ever, are likely to penetrate unimpeded into the veneer.
The latter cracks would appear to be especially dangerous
because they may (especially at high contact load or in
cyclic loading) propagate to the top surface of the crown,30

exposing the cementation surface to the oral environment.
In such contact loading the layers are subject to superposed
flexural as well as contact stresses.31 These flexural
stresses could play an important role in determining the
ultimate propagation of transverse cracks through the
thickness. For low-modulus veneers on high-modulus
cores in particular, much of the load from bilayer flexure is
transferred to the stiffer core layer, enhancing tension in
that layer and suppressing it in the veneer.31,32 Such a
stress redistribution will tend to counteract the low tough-
ness of the veneer, somewhat inhibiting crack penetration
from the core to the top surface. Further study of these
more complex stress effects as they relate to crown struc-
tures, including the potentially exacerbating role of spec-
imen curvature on failure conditions,33 would appear to be
warranted.

Discussions with Herzl Chai (Tel Aviv University) and Yu
Zhang (New York University) are gratefully acknowledged.
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